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ABSTRACT 
Irregularities have been observed in the Curie temperatures 
of a series of synthetic pyroxenes, CaxFel-,SiO,. For example, 
the x = 0.15 sample exhibited a Curie point of 40K, whereas 
for x = 0.02 and x = 0.10, the Curie points were 40K and 
37K, respectively. These results suggest that one or more of 
these samples is not single phase or deviates from the reported 
stoichiometry. The 3OOK Mossbauer spectra of these samples 
have been reported to lead to erroneous cation distributions. 
The magnetic properties suggest that the cation distributions 
might be in error because of deviations o£ the sample compo- 
sition from the expected ones. Since a considerable body of 
thermodynamic and crystal chemistry depends on a clarification 
of the basis for the apparently erroneous cation distributions 
in cakium-containing clinopyroxenes, we have reinvestigated 
the "Fe Mossbauer spectra of the synthetic pyroxenes at 300K 
and between 60K and 4.2K. Our results are in qualitative 
agreement with those reported earlier on these specimens, but 
absorption features have been observed near 0.8 mm S-' which 
have not been reported before. Impurity Fe-containing phases 
or non-equilibrium single-phase materials are implicated as 
the sources of the absorptions near 0.8 mm S-' by the erratic 
magnetic properties of some of the sarnples and by the fact 
that even for dinopyroxenes, these samples exhibit spectra 
with unusual features. 
INTRODUCTION 
In the course of some fundamental investigations 
of the magnetic properties of synthetic pyroxenes, e.g. 
monoclinic Ca,Fei-,Sios, remarkable irregularities 
were observed in the Curie temperatures of some spe- 
cimens. For example, as shown in fig. 1, the Mossbauer 
spectrum of an x = 0.02 at 38.5K specimen exhibits 
very weak magnetic spiitting indicating that the Curie 
temperature is very close to 38.5K. More detaiíed 
measurements confirm that the Curie temperature is 
39K. I t  is expected that as the iron content is decrea- 
sed the Curie temperature will also decrease (Shenoy 
et al., 1969); contrary to this expectation, thowever, is 
the observation of a rather well-developed magnetic 
splitting in the Mossbauer spectrum of an x = 0.15 
specimen at 40K. The Curie temperature of this latter 
specimen is well-above 40K and is higher than that 
of both the x = 0.02 specimen and the x = 0.10 spe- 
cimen which has a Curie temperature of 37K (Ta- 
ble l). These results suggest that the reported chemi- 
cal composition of these specimens may be in error 
(Lindsley and Munoz, 1969). 
These are the same specimens that were employed 
in an earlier investigation (Dowty and Lindsley, 1973) 
of the cation distributions in clinopyroxenes using 
Mossbauer spectroscopy and in which it was concluded 
that erroneous cation distributions resulted from mea- 
surements on Ca-containing clinopyroxenes. Details 
concerning the synthesis procedure and chemical com- 
positions of these synthetic pyroxenes have been given 
by Lindsley and Munoz (1969). The above results on 
the magnetic properties suggest that the difficulties in 
arriving at cation distribution from the Mossbauer 
measurements may have been due to difficulties in the 
characterization of these sarnples. Since the available 
data did not permit a determination of the quality of 
the samples, we have reinvestigated the Mossbauer 
spectra of these samples between 300 K and 37K. 
Figura 1. -- Mossbauer spectra of 
nFe in calcium-containing pyroxenes 
at low temperaN:es: a) in specimen 
x = 0.02 al: 38.5K. b) in specimen 
x = 0.10 at 40K. 
EXPERIMENTAL 
The 57Fe Mossbauer spectra were obtained with an 
electromechanical velocity generator which was opera- 
ted at constant acceleration in conjuntion with a multi- 
channel analyzer operating in the multiscaling mode. 
The velocity wave form was a symmetric triangle re- 
sulting in two mirror-image spectra which were distri- 
buted over 1024 channels. The velocity increment per 
channel was such that there were from 20 to 30 chan- 
nels between the points at half-maximum intensity on 
each side of an absorption line. 
The polycrystalline absorbers were prepared by 
mixing the powders with a small amount of Duco- 
cementlacetone solution and forming a circular shaped 
slurry on 0.025 mm thick aluminium foil (99.995 % 
Al). The thickness of the absorbers, based on the re- 
ported compositions (Lindsley and Munoz, 1969; Dow- 
ty and Lindsley, 1973), varied between 17 and 21 mg 
cm-* of natural Fe (Table 2). 
For the low temperature measurements, a vapor- 
cooled cryostat was employed and liquid helium was 
used as the cryogenic fluid. The temperature was con- 
trolied by means of calibrated carbon and platinum 
resistor thermometers, which was a part of a control- 
loop involving a resistance heater and an electronically 
controlied valve for regulating the helium flow. The 
temperature was constant to within 0.5K for the tem- 
peratures below 100K. 
The source was either 40 mCiS7Co/Rh or "Co/Pd 
and was always at room temperature. 
The spectra were analyzed using a computer assis- 
ted least-mean-squares minimization technique. A Lo- 
rentzian line-shape was used and was not corrected for 
thickness effects since the absorbers were rather thin. 
I n  general the parameters of the lines, e.g. position, 
width (FWHM) and intensity of the lines were allo- 
wed to vary freely during the fitting process (Evans 
et d., 1967). Fitting the spectra of x = 0.40 sample 
was exception to this general procedure and it is consi- 
Table 1. Curie temperatures of calciumiontaining pyroxenes, 
Ca.Fe,-.Sios 
Molar fraction Molecular Curie 
of CaSiO,(WO) percent Symmetry temperatures 
in FeSiO,(FS),x FS ' at 273K ' "K 
0.02 98 Orthorhombic - 40 
0.10 90 Monoclinic < 37 
0.15 85 Monoclinic - 40 
Table 1. Taken from Dowty and Lindsley (1973). 
dered in more detail below. In  accordance with the 
qualitative appearance of Mossbauer spectra, as shown 
in fig. 2, and the known crystal structure, four lines 
were fitted to the spectra oorresponding to the quadru- 
pole doublets of the 57Fe at the M1 and M2 lattice 
sites (Arriortua et al., 1981). 
RESULTS 
Typical Mossbauer spectra of Ca,Fei-,Si03 pyro- 
xenes are shown in figures 2, 3, 4 and 5. The points 
are experimental data and the lines are the results of 
the least-mean-squares fittings. The parameters of the 
four lines to the quadrupole doublets is straightfor- 
ward for these low temperature spectra and the qua- 
drupole splittings and isomer shifts are given in Ta- 
ble 4. 
Figura 2. - Mossbauer spectra of "Fe in calcium-containing 
pyroxenes (x=0.02) at 300K. 'ihe solid line is a least-squares 
fit to the uncorreceted data. T&e deviations of the computed 
curve from the data divided by the variance (residual) are plot- 
ted below the spectrum. 
Table 2. Data CoScction Information, Lhi-Square and Misfit Values for Spectra of calcium-containing pyroxenes, &,Fe:-.SiO,. I 
Iron 
Molar fraction Molecular Temperature concentration Background Misfit 
of CaSiOs(W0) percent ' "K mg cmu2 Counts *loS CHI 2 I*N ' *lo4 
1. Taken from Dowty and Lindsley (1973). 
2. This nunierical value represerits the fractional absorption of line 1 meltiplied by the square roots of number of counts. 
3. The numerical value of Misfit gives information about the fraction of the experimental data that remains «unfitted» 
(Ruby, 1973). 
4. An additional absorption feature in the vicinity of 0.8 mm s e r '  is considered. 
Figura 3. - Mosisbauer spectra of "Fe in calcium-containing ned to ;he M1 and M2 sites. The third doublet was 
pyroxenes (x=0.40) at 300K. constrained such that Iii = Iii, and I'ii = rfi. This 
doublet gives rise to the absorption Iiear 0.8 mm S-'. 
In  every case, the goodness-of-fit parameter (Chi- 
Square) is higher than expected. This is so even when 
the relative intensities of the two doublets is in good 
For the x = 0.40 sample, this results in a 25 % reduc- 
tion in the gooáness-of-fit parameter relative to  the 
four line fit and the relative intensity of the M2 dou- 
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agreement with that expected on the basis sf the no- 
minal compositions for single phase materials. Without 
invoking some unusual crystal ehemical features, the 
large values for the goodness-of-fit parameter for the 
four lines fits are difficult to understrind. As a crite- 
rion for the significance of these synthetic pyroxenes 
spectra the «misfit» parameter m has been included 
in Table 2, where m (in units of 1W3) is a measure 
sf the goodness of fit (Ruby, 1973). 
A closer inspection of the spectra reveals features 
that are not expected for single-phase pyroxenes. This 
is the illustrated in more detail in fig. 5,  in which 
there is an additional absorption features in the vici- 
nity of 0.8 mm S-' for the x = 0.40 sample. I t  is 
further noted that this feature persists even in the low 
temperature spectra. Several attempts were made at 
fitting this absorption feature and the successful one 
correspond to a fit of three quadrupole doublets to  the 
spectrum. Two of the doublets were fitted such that 
Ilirli = I i h r i h ,  where Iii and rli are the intensity and 
L width of the low velocity component of doublet i and 
-3 - 2  -1 O t 2 3 I,h and r l h  are the intensity and width of the high velo- 
m m/src 
city cornponent; these doublets correspond to those 
resulting from the four line free variable fits are assier- 
blet is decreased. This raises the question of whether 
this additional absorption is the cause o£ the oversti- 
mation of the relative intensity of the M2 doublet as 
noted by previous authors (Williams et al., 1971; 
Dowty et al., 1972; Dowty and Lindsley, 1973). 
There is one other obvious and important factor 
that plays a role in the consideration of the fractional 
intensities of the M1 and M2 doublets; and this fac- 
tor is the determination of the chemical composition 
and the error o£ such determinations. The reported 
error on the chemical compositions of the materials 
studied in this investigation is f 1 %, on the assump- 
tion that one has single-phase stoichiometric materials. 
Our investigation of the magnetic properties has al- 
ready cast some doubt on the accuracy of the compo- 
sitions, the single phase nature of the materials, or on 
the degree o£ perfection of the structure. Clearly, the 
& 1 % is likely to be the minimum uncertainty in the 
composition of these samples on a mole percent basis 
of FeSiO3 or CaSiO3. We  have computed the error in 
the M1 and M2 fractional area ratios that would result 
from a 4 1 % error in the mole percent o£ ferrosilite 
or wollastonite. These data are given in Table 5. I n  
every case, the measured area ratios are barely outside 
o£ the experimental uncertainty. Therefore, we con- 
clude that the relative population of the M2 site by 
Fe is not significantly overestimated if one derives such 
populations from the intensities of the M2 and M1 
PaEterns in the low-temperature Mossbauer spectra. 
The resolution o£ the M1 and M2 patterns are 
strongly infiuenced by temperature and the resolution 
at room temperature is too poor for a determination 
o£ the distribution o£ iron over M1 and M2 sites. The 
variation in the relative intensities between 300K and 
40K is only apparent and is not due to an intrinsic 
variation in the intensity of the M1 and M2 patterns. 
The x = 0.25 sample is a good illustration o£ this 
situation. I t  has been assumed that the M2 doublet 
is always inside of the M1 doublet and while there is 
some ambiguity in the room temperature spectrum 
(fig. 4 )  for the x = 0.25 sample at 39.5K the M2 line 
is indeed clearly inside of the M1 doublet (fig. 4). 
I t  is also noteworthy that the M1 doublet is rather 
symmetric at 300K and 40K, whereas the M2 doublet 
is asymmetric at both temperatures, having an inten- 
sity ratio Ilow/Ihigh of 1.25 at 300K and 1 .O8 at 39.5K. 
This variation in intensity ratio is not due simply to a 
variation in recoilless fractions since the site expected 
to have the lower recoilless fractions, i.e. MI,  has a 
smaller relative intensity at the lower temperature 
(Table 3). 
Figura 4. - Mossbauer spectra of "Fe in calcium-containing 
pyroxenes (x=0.25): a) 300K. b) 39.5K. 
Table 3. Experime:ntd data at room temperature and temperatures close to liquid helium 
Molar fraction Sl~ectrum T"K PEAK WIDTH PEAK HEIGUT 
of WO in FS, x mm/sec 
n(1)  I-4 1') W2) W2') I(1) I( 1') 1e21 
5-405 300 
5-419 300 
3-454 37.5 
5-424 300 
3-411 300 
(low counts) 
5-417 300 
(high counts) 
3-442 60 
3-444 39.5 
5-42 1 300 
3-413 300 
3-427 39.5 
3-456 65 
3-458 60 
3-458' 60 
(1) An additional absorption feature in, the vicinity of 0.8 mm sec-' is considered. 
Va!ues in parenthesi:~ represent estimaíed standard deviation from the least-squares 6ts, in terms of least unit cited. 
DISCUSSION 
The results of this investigation demonstrate that 
there are some features in the Mossbauer spectrum of 
this suite of synthetic pyroxenes that are not consis- 
tent with a single phase, well-defined composition for 
each of the specimens. This is certainly true of the 
x = 0.40 specimen for which an additional absorp- 
tion, uncharacteristic of Fe2+ pyroxenes, is observed 
in the Mossbauer spectrum at 300, 65 and 60K. This 
absorption is not unambigously observed in all speci- 
mens which indicates that either the concentration of 
impurity phases or the types of inipurity vary appre- 
ciably from one s:~mple to the next in this suite of syn- 
thetic specimens. For example, the x = 0.02 sample 
appears to be a stoichiometric single phase having the 
stated composition. 
The absorption due to possible impurity phases 
and evident in t,Se x = 0.25 and 0.40 samples may 
not be observed in other samples as a result of strong 
overlap with the more intense pyroxene pattern, as 
would be the case for example fcsr a sample having 
two iron silicates with slightly different composirions 
or from a very weak and broad absorption pattern as 
would be the ceise for h e  partides of a magnetic 
phase, both cases not always detected by X-ray diffrac- 
tion patterns (Liridsley, 1981). A consideration of the 
details of an earlier synthesis study (Lindsley and Mu- 
noz, 1969) crearly indicate that both sf mentionated 
mechanisms for the occurrence of impurity phases are 
probable. 
However, taking into consideration the accuracy 
with which the chemical composjtions are known and 
the anomalies that occur in sonie of the Mossbauer 
spectra reported here, the distribution of ferrous ions 
sver the M1 and M2 sites as determined in spectra 
exhibiting weíl-resolved lines is in good agreement 
with existing knowledge concerning the structure of 
pyroxenes. Except for the x = 0.02 specimen, 300K 
spectra are inappropiate for the detertnination of the 
Qistribution of ferrous ions over  he MI  and M2 sites. 
In  this respect, the clinopyroxenes are not qualitatively 
different from the orthopyroxenes (Virgo and Hafner, 
1968; Burnham et al., 1971). No systematics are ob- 
served in the dependence on compositian of the diffe- 
rence between the distribution of iron as determined 
by Mossbauer spectroscopy and as determined on the 
basis of the chemical composition. There is an appa- 
rent slight overestimation of the fraction of iron in 
M2 for all values of x; but it is barely significant in 
terms of &e errors in the chemical composition and 
is independent of composition. 
Thus, we conclude that the estimation of the fer- 
rous ion over the M1 and M2 sites by means of M6ss- 
bauer spectroscopy is accurate and precise within the 
limitation imposed by sample qiiality and characteri- 
zation. Whether there is an intrinsec error in the deter- 
mination of the distribution o£ ferrous ion in clino- 
pyroxenes by means of the Mossbauer effect must 
await availability of better samples. The sample inves- 
tigated in this study are the optimal solid solutions for 1 determining wheter there are intrinsic errors in the 1 determination of cation distributions in clinopyro- 
xenes by Mossbauer spectroscopy and, thus, claims of 
a bias in the cation distribution determinations by 
Mossbauer spectroscopy for other more problematical 
1 samples are even more speculative (Williams et al., 
1971; Dowty et al., 1972; Virgo, 1972). 
In  these earlier studies (Williams et al., 1971; 
, h w t y  et al., 1972), the pyroxenes were known to be 
inh~mo~eneous and even though arguments were ad- 
1 vanced to justify arriving at average cation distribu- 
1 tions from the Mossbauer spectra of such samples, no 
direct experimentation was carried to confirm the vali- 
dity of such arguments. I t  is difficult to know a priori 
either the validity of these arguments or the possible 
errors involved. I n  one of these investigations (Virgo, 
1972), the cation distributions determined by the 
Mossbauer effect were in agreement with those expec- 
ted from the composition and crystal chemistry when 
one considers the large error in the chemical compo- 
sition (Smith, 1972). I t  is our opinion that the conclu- 
sion reached in an earlier study on such samples is 
still appropriate (Hafner et al., 1971), i.e. that anoma- 
lies in the cation dist~ibutions can be ascribed to the 
inaccurately known chemical compositions, and/or 
chemically inhomogeneous samples. 
CONCLUSION 
The hypothesis that the 57Fe Mossbauer spectros- 
copy leads to a systematic overestimation of the frac- 
tion of iron of the M2 sites in clinopyroxenes is not 
verified. The resolution between the paterns resulting 
from iron on the M1 and M2 sites is rather poor for 
the clinopyroxenes at higher temperatures and defi- 
nitive cation distributions can be obtained only from 
low temperature spectra, preferably between 40K and 
50K. If the 57Fe Mossbauer spectroscopy does lead to  
an overestimation of the fraction of iron on the M2 
site, the extent of the estimation does not exceed 2 %, 
which is similar to the error in the chemical composi- 
tions. Earlier presentatlons of this proposal were based 
on inadequate considerations of the Mossbauer spec- 
1 a , 1 , Figura 5. - MGssbauer spectra of "Fe in calciurn-containing 
-4 .-3 -2 -1 O 1 2 3 4 pyroxenes (x=0.40): a) at 65K. b)  at 60K. c) at 60K consider- 
mm /M ing an additional feature in the vicinity of 0.8 rnrn sec-'. 
Table 4. - A value:; and isomers shifts 
Molar Fraction Temperature Previously Published Data' This Work 
o£ WB in FS, x "K AE I.S. AE :[.S.' 
mm/ sec mm/sec 
0.02 300 
!30 
0.10 300 
!30 
37.5 
0.125 300 
!>O 
0.15 300 
130 
150 
.3?.5 
0.20 300 
iao 
0.25 300 
!?O 
.39.5 
0.40 300 
'90 
165 
603 
(1) Taken from Dctwty and Lindsley (1973). 
(2) Referred to a inetallic iron absorbelr at 300°K. 
(3) An additional a.bsorption faeature i ~ i  the vicinity of 0.8 mm sec-' is considered. 
Values in pareritheses represent estimated standard deviation from the least-squares fits, in terms of least unit cited. 
Table 5. Area Ratiias and Fractions of :FeZ+ in M1 and M2 sites 
Molar Fraction Ternperature Area Fraction o£ Fe2+ 
of WO in FS, x "K Outer doublet Inner doublet Total Expected (1) Found 
C 1 C2 C1 + 2 M1 M2 M1 M2 
(1) Based on chemical compositions and errors in the determina tion of composition (Lindsley and Munoir, 1969). 
(2) An additionai absorption feature ini the vicinity of 0.8 sec-' is considered. 
(3) Vaiues in par(-ntheses represent estimated standard from the least-squares fits, in terms o£ least wiit cited. 
tra,  vaguely defined chemical compositions and  sample 
quality. Currently available samples are  no t  of a high 
enough quality t o  permit  a fur ther  clarification of this 
question. Fur ther  investigations would certainly be 
desirable when highly crystalline and  homogeneous 
samples become available. 
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